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PRE-LAUNCH CALIBRATION OF CHANNELS I AND 2 AF THE

HIGH RESOLUTION RADIOMETER

ADVANCED VERY

C.R.NagaraJa Rao

Nationel oceenographlc and Atmospherlc Admlnl stratlon
National Envlronmental Satel I ite, Datar êñd Informatlon Servlce

Washlngton, D.C. 20233

Abstract

The baslc physlcal prlnclples underlyÍng the pre-launch

calibration of channels I and z of the Advanced very Hlgh

Resolution Radfometer(AVHRR) ere presented and dlscussed. The

laboratory procedures for.the calibration of the NASA 30-lnch
íntergrating sphere source and for the establishment of a simple
I inear regressfon relatlonship between the reflectance factor of
the integratíng sphere source and the AVHRR dlgltal signals ln

Channels I and 2 correspondTng to different levels of illumination
(of the íntegratíng sphere source) are described in detai l. The

effects on thls regresslon relatlonship of uslng extraterrestrlal
solar spectral frradlance data dlfferent from the Thekaekare(1974)

data that have been used in the determlnatlon of the reflectance
factor of the integratíng sphere source are brlefìy mentloned. The

method of using the above-mentfoned regression relationship to

determlne the reflectance factor of the earth-atmosphere scene

viewed by the AVHRR is outl íned.
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l. lntroductlon
ln the course of the development and appllcatlon of aerosol

renpte senslng usf ng the radlences rneasured ln Channels I and ? of

the Advanced Very Hlgh Resolutlon Radlorneter(AVHRR) onboerd the

NOAA polar orbltlng envlrormental satel I ltes' the need for

lnforrnatlon on the pre-launch cal lbratlon of these two channels

v/as keenly felt. Detal ls of the varlous cal lbratlon procedures and

of the underlylng physlcal PrlnclPles were not wldely known nor

v/ere they easl ly accesslble. l,le have therefore undertaken the task

of compl I lng ln thls report relevant lnformatlon obtalned from

dlverse sources such as NOAA technlcal reports and mernoranda'

contractor reports, operatlng pr.ocedures developed under contract

wlth NASA and NOAA and correspondence between sclentlsts at NOAA'

NASA and at ITT Aerospace/Optlcal Dlvlslon, Fort Wayne, lndlana.

We shall flrst glve a brlef descrlptlon of the Advanced Very

Hlgh Resolutlon Radlometer. Thls wl I I be fol lowed by a

presentatlon of the underlylng theory lcor establ lshf ng a slmple

I lnear regresslon relatlonshlp between the reflectance factor of

the earth-atmosphere scene belng vlewed by the AVHRR and the AVHRR

dfgltal slgnals ln terms of the reflectance factor of an

lntegratlng sphere source. tle shal I then dlscuss ln detal I the

cal lbratlon of the NASA 30-lnch lntegratlng sphere source and of

Chennels I and 2 of the AVHRR ln the laboratory. l.Je shal I

conclude wlth a dlscusslon of the effects on the above-mentloned

regresslon relatlonshlp of uslng extraterrestrlal solar spectral

lrradlance data dlfferent from the Thekaekara(1974) data that have

I

IL
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been used ln the cal f bratlon olF the tntegratlng sphere 3ourcc.

2. The Advanced Very Hleh Resolutlon Radlorneter(AVHRR)

The Advanced Very Hlgh Resolutlon Radlometer ls a broad-band

fllter radlometer deslgned to make measurements of the upwêlllng

radlance from the eerth-atnpsphere system ln the vlslble, near-

and therrnal lnfrared reglons of the spectrum. |leasurernents can be

n¡ade ln elther 4(ilodel l) or 5(ilodel 2) spectral lntervals.The

rpdular structure of the AVHRR facllltates deslgn changes to be

lncorporated wfthout perceptlbly alterlng the physlcal

conflguratlon of the lnstrument and lts lnterface wlth the

satel I lte. The f lve modular unlts that constltute the AVHRR arc¡

the optlcal subsystem, the scan system, electronlcs subsystem,

radlant cooler module, and the baseplate¡ these are shown ln

Flg.l.
The optlcal sub-system, whlch ls of Prlmary lnterest to ul'

ls bul lt around an 8-lnch aperture, afocal, Cassegraln telescope

made up of two coaxlal parabololdal mlrrors. The çol I lmated beam

emerglng frorn the telescope passes through an oPtlcal traln(F19.2,

conslstlng of beam spl ltters, I'oldlng mlrrors, and relmaglng

lenses whlch separate and channel the lncomlng beam lnto the

varlous spectral lntervals deflned by broad-band lnterference

f I I ters wh I ch are assurned to have brave I ength- I ndePendent

transmlsslon characterlstlcs over the spectral lntervals of

lnterest. The spectral ly lsoleted bearn then lrplnges uPon ån

spproprlate detector. square slllcon detectors, 0.10" on the

slder 8F€ enrployed ln Channels l(vlslble) and 2(near-lnfrared)¡
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Figure 2. Optlcal subsystem of the S-Channel versÍon of the
AVHRR



ond cool ed rnercury-cadnlum-tel Iurlde and lndlun¡-antlnronlde

detectors ln the thern¡aì lnfrared channels. Al l channels arc

desfgned to have an lnstentaneous fleld of vlew(IFOV) of ¡.3
mllll-radlansi the IFOV ls deflned by a sguare aperture of slde

0.0238" placed tnmedlately ln front of the sl I lcon detectors ln
Channels I and 2i and by the ectlve area of the detector ltself ln

the thern¡aì lnfrared channels. We have shown ln Table I the

spectral characterfstlcs of the passbends of the two models of the

AVHRR. Polarlzatlon effects oF the varlous components of the

optlcal traln have been mlnlmlzed by proper orlentatlon; the

lnstrumental polarlzatlon ls thus estlmated to be wlthln the

mexlmurn allowed value of 7A ln Channels I and 2.

The scan system conslsts prlrnarl ly of an el I lptlcal (maJor

axls: t 1.6" imlnor axls:8.36'f ) beryl llum mlrror whlch ls

cont I nuous I y rotated at 360rpm by a hysteres I s synchronous motor

to produce cross-track scannlng ln orblt. The voltages lssulng

from the varlous channels of the AVHRR are transmltted as l0-blt

words by the onboard Han I pu I ated I nforrnat I on Rate Proces sor ( l"l I RP )

and assoclated electronlcs. The speclfíed signal to nolse ratlo of

3¡ I when the lntegratlng sphere reflectance factor ls 0.51 ln

Channels I and 2 has been attalned or exceeded ln all the

radlorneters. A photograph of the Advanced Very Hlgh Resolutlon

Radlometer ls 3een ln Flg.3. Greater detalls of the onboard data

processfng and transmlsslon systems are found ln Schwalb(1978).

We shal I dlscuss ln what fol lows how the upwel I lng radlance3

from the earth-atmosphere system ln the passbands of AVHRR

6
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Table l. Spectral bandpass characteristics of the AVHRR

Channel

Mode I

I

2

Notes:

t

0. 57-0. ó9 pm

0.57-0.69 Pm

2

O.72-O.98 pm

0.72-0.98 pm

3

3.55-3.95 pm

3. 55-3.95 pm

4

10.4-l I .4 Po

10.4-11 .4 ytn I 1.4-1 2.4 pn

l.

2.

The wavelengths'
nomlnal ly to the
poi nts.
See FÍgs.7-l I for
of the AVHRRS on

ln units of rnicrometer, correspond
50% normal ized spectral response

detailed spectral resPonse curves
NOAA 6-10 sPacecraft.
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Figure 3 The Advanced Very High Resolution Radiometer
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Channels t and 2 can be estlrnated uslng the slrple I lnear

regresslon reletlonshlp establ lshed ln the leboratory between the

varlable radlances of an lntegratlng sphere source and the

correspondlng AVHRR dlgltol slgnal s.

3. Beglc theory of the pre-launch cal lbratlon of AVHRR

Channels I and 2

It has been the usual practlce to express the radlances

rneasured fn AVHRR Channels I and 2ln terms of an'albedo'whlch

relates the measured radlance to the fl ltered extraterrestrlal

solar lrradlance ln the passband of a glven channel. ln the I lght

of accepted meteorologlcaì usager w€ feel the term'albedo' should

be used excluslvely to denote the ratlo of the upward and downward

fluxes of radlatlon at a surface; we shal I therefore use the term

'reflectance factor' ln lts stead fn thls report.

Let the flltered radlance l(Wm-Zr.-l) when the AVHRR ls

vlewlng the lntegratlng sphere source be glven by

r = I s^r^d\ (t)

X I

where SÀ t the radlance of the lntegratlng sphere source

at the wavelength À ;

?. : the norrnal lzed response functlon of the glven
^

and À ,\_, :::"::: :: ::: :-:,,"::,:.,.,n.n" of ,he passband of!- ?

X

9
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thc alvcn channel. lle shal I

solar lr.radlånce(t{m-2} as.

deltlnc the f I ltered extraterrestrlal

À
2

F=l'
J

:¡.

^

Fo),.").dtr (2t

whcrc FoXls the extraterrestrlal
' wave l.ength À .

" Other qubntltles of lnterest are

golar spectral lrradlancc et thc

the mean or effectlve wavclength

and thc equlvalcnt

The reflectange factor

l¡ deflned as the ratlo

À

," - .\ 
/,J 

\Fo^r^d)

Àr/
I wlcfth

r.
2

f
J 

rÀd\

}\ t

, of the f ntegratlng

\ ='

channe

w=

(3)

(4)

sphere sourcc

(s)nI
F

t0

A
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The rcflcctancc factor can thus bc lnterPretcd as the ratlo ol3 the

lrradlance of an lsotroplc radlatlon fleld wlth radlance I (the

, nì€asured f I ltered radlance) to the f I ltered solar I rradlancc.

As mentloned earller, the baslc obJectlve of the prc-launch
I

cal lbratlon has been to eståbl lsh a slrple I lnear regresslon

rclatlonshlp between the reflectance factor A, exÞressed as a

percentaoe, of the lntegratlng sphere 3ource correspondlng to

dlfferent levels of I I lumlnatlon and the AVHRR dlgltal slgnal C'

ln counts; thusr

A(1) - a(1) + b(Í,/count)C(counts) (6)

A slmllar regresslon relatlonshlp for the flltered lntegratlng

spherc radlance t (wrn 2".-l ) wl I I be

I = a' + b'C (7)

where a'. Fa / I oo rr (l{m-Zsr- I )

and b'. Fb / IOO n (wm-2""-lcount-l )

The spectral radlance t'(tlm-Zgn-l.r-l ) - l/w f s then related to
I

the AVHRR dlgltal slgnal by

lt= a" + b"C (8)

ï lrhere

å'. Fa/ loo lr w (wm-z¡.rm- 1."- I 
)

-? -t -l .-t.' ånd b"- Fb,/ t OO ft w (Wr'tl- '3r 'count ' ) .

ln a rnanner analogous to Eqn.S, we can def lne the

reflectance factor A" of the earth-atnrcsphere scene belng vlewed

by the AVHRR ln orblt as

lt



À
2

A, = "f t^r^d\ I ,Àl
ÍtI e

(e)
F

I

where I. : radlancc of thc earth-atnnsphere scenc at the
À

wavelength \.

¡t has been the practlce to estlmate Ar, expressed as a

pelcentaoer ênd subsequently, the correspondlng radlance le, uslng

the transmltted AVHRR slgnals ln the relatlonshlp glven ln 8m.6.

It ls thus tacltly assuned that the radlorneter respon3e ls

sensltlve only to the total amount of radlant energy that ls

sensed by the lnstrument wlthln the passband of the channel and

not to the spectral energy Ofitrlbutfon of the scene radlance over

the passband.

The ftltered radlance I (t{m-2rr-l) of the earth-atnrcsphere
e

scene ls glven by

l" = (FAe)/loofl (lo)

and the correspondlng spectral radlance l"'(l{m-zt¡n-lt.-l) by

l"'- l./w (ll)

It ls lmportant that the F values used ln Eqns. l0 and ll are

based on the spectral solar lrradlance data that were used Ín

Ecn. 2.

t{e 3ee from the above that the laboratory cal lbratlon of

channels I and 2 of the AVHRR ls essentlally dlrected towards the

estlmatlon of the radlance of the earth-atn¡ospherc scene ln terms

t2
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of the radlance of the lntegratlng sphere source. ble shal I now

descrlbe the varlous stages and procedures of establlshlng the

afore-mentloned regresslon relat lonshlp.

4. The NASA 30-lnch Integratlng Sphere Source

1. I Genera I

The NASA 30-lnch lntegratlng Sphere Source, hereafter

referred to sínply as the lntegratlng sphere, has been extenslvely

used by ITT Aerospace,/Optlcal Dlvlsfon, the AVHRR manufacturer, ln

the pre-launch callbratlon of Channels I and 2 of the AVHRR. The

lnslde of the sphere ls coated wlth barlum sulphate wlth a dlffuse

ref lectlvlty very close to unlty and can be I I lumlnated wlth up to

lZ quartz-halogen lamps matched' to the extent practlcable' for
spectral output and operatlng current. The radlance at the 12-lnch

exlt aperture of the lntegratlng sphere approxlrnates very closely

that of an lsotroplc radlatlon fleld; lt can be varled by changlng

the nunber of lamps used to IIlumlnete the lnslde of the sphere.

4.2 Spectral radlance of the lntegratlng sphere

Avallable records lndlcate that the lntegratlng sphere was

cal lbrated ln the laboratory for I lnearlty of output and spectral

radlance lnltially in 1974r âñd agaln ln 1983(R.Koczar, P€trsonal

coffrnunlcation) . The operational regressfon relationships between

the scene reflectance factor and AVHRR counts( vide Sec.3) for

NOAA-6 through NOAA-10 are based on the cal ibration of the

lntegratlng sphere performed ln 1974. However, because of the

unavallabll lty of some of the relevant documentation for the 1974

cal lbratlon, we shal I outl lne the method of determlnatlon of

r3



spectrar radiance and rinearity of output of the integrating
sphere using in the rnaín data obtained during the caì ibration
performed in r983. An optronic Laboratories Model iho| opticar
Radiatíon Measurement System, essentiaì ìy consisting of a
single-grating monochromator with ínterchangeabr e gratings
cover the spectral region from 0.35 to Z.Oumr êñd equipped
interchangeabre uv-enhanced sí r ícon and thermoelectrical ly
germanium detectors, ênd an tR brocking fi rterr wês used to
compare the spectrar output of the integrating sphere to that of
an optronic Laboratories Moder 4zo continuousìy varíabre
integrating sphere source which in turn had been car ibrated for
spectrar radiance over the 0.35-2um waverength regíon reìative to
the National Bureau of Standards(NBS) radiance and spectral
irradiance scare. The estimated uncertainty in the caì ibration
the Moder 420 car ibration source rerative to the NBS standards
given ín Table Z.

Tabre 2. uncertainty in the Moder 420 car ibration source
=======================================================

Spectraì Interval Uncerta i nty (7,)

=======================================================

0.35-0.4Oum

0.40-0.90um

0.90-l.3Oum

I .30-2.0Oum

== == == == == =========== ============== ======= ============ =

to

with

coo I ed

of

is

l4



The radlornetrlc quantftles measured as part of the

cal lbratlon of the lntegratlng sphere are the near-norrnal spectral

radlance <¡f the l2-lnch aperture and the relatlve radlances at
selected wavelengths as the nurnlrer of lamps lllumfnatlng the

sphere ls changed from 12 to I ln steps of l. The spectral
radlance measurements have been rnade at 0.05pm lntervals over the

I

spectrel reglon of lnterest. lt has been estlmated that the

uncertalnty ln the transfer cal lbratlon frorn the Optronlc

Laboratorles l"lodel 42O contlnuously varlable lntegratlng sphere

source to the NASA fntegratÍng sphere ls 1.51.

We have shown ln Table 3 the measured values of the

near-normal spectral radlance of the lntegratlng sphere when lt
b/as I llumlnated wlth 12 lamps. Assumf ng that the lntegratlng
sphere ls an lsotroplc source of radlatlon, the spectral

lrradlances are caìculated as fI tlmes the spectral radlences.

The dlscrepancfeg between the radlances measured at wavelengths

conrnon to the cal lbratlons performed ln 1974 and 1983 rrì€ty ln part

be due to the fact that the integratlng sphere was dls-assembled

and repalnted prlor to the l9B3 cal lbratlon(R.Koczar, personal

conynunlcatlon) and to the dlfferences ln the cal lbratlon
procedures adopted.

The relatlve varlatlons ln the lntegratlng sphere radlances

at the wavelengths of 0.45 and 0.55¡m as the nrrnber of lamps þras

changed from l? to I ln steps of I have also been studled. It ls

observed that the mean and standard deviatlon of the ratlo

t5



Table 3. Near-normal
I ntegrat i ng

Uavclcngth
(¡rn)

0.500

0.550

0.600

0.ó50

0.700

0.750

0.800

0.850

0.900

0.950

1.000

1.050

l. loo

spectral radiance of the NASA 3O_inchsphere source

Spcctral Radlancc

Notes: l.

2.

(¡r"-21.-lrr-l)

a

178.2

349,7

487.8

ó18.8

ó55.5

5ó9.8

Values in column "a" are based onof the integrating sphere.Values ln column 116r'-r" based onof the integrating sphere.
The spectral trradlance{wm-2pm-I )tf tf mes the spectral radf ance.

b

180.0

264,0

351.0
429.O

505.0

568.0

ó06.0

ó10.0

ó13.0

ó0ó.0

602.0

589.0

560.0

the 1974 cal ibration
the 1983 cal íbratf on

ís gfven by3.

t6



(ln/ll,r/(n/12), where lr., and ltZ are the fntegratlng sphere

radlance3 when I I lumlneted wlth n(n .( 12 ) and l? lamps

respectlvely' have values of 1.0026 and 0,OO42 at 0.aSym; and

1.001I and 0.0047 at 0.55¡m; these nunl>ers can be consldered a

measure of the lfnearlty of the lntegratlng sphere 3ource ln the

vlslble regfon of the spectrum.

l{e have compared ln Table 4 the spectral lrradf ances of the

lntegratlng sphere and of the sun. The Alr Force( 1965) solar

spectral lrradlance data are based on lrradlances tabulated over

spectral lntervals ranglng from 0.01 to 0.02¡lm centred on the

bravelength of lnterest; the Thekaekara( 1974) data are based on

lrradlance tabuletlons at 0.005ym lntervals upto 0.6ymi et
0.0lym lntervaìs between 0.6 and l.ol.-; and at 0.05¡-rm lntervals
at longer wavelengthsi the Neckel and Labs(1984) deta, taken from

Rossow et al. (1985), are based on lrradiances averaged over 0.0!¡-rrn

lntervals centered on the wavelength of lnterest; these data wlll
be utlllzed to demonstrate the dependence of the reflectence
factor of the lntegratlng sphere on the solar spectral frradlances
used.

t{e have shown ln Flg.4 the spectral variatlon of the
lntegratlng sphere and solar lrradlances frorn O.50 to 1.07¡:m. lt
ls apparent that the sphere and solar lrradiances vary wlth
wavelength ln opposlte senses, wïth the cross-over point lylng
around 0.69ym. Thls wavelength dependence of the lntegrating
sphere lrradlance ls such that the filtered sphere irradiance ln
channel 2 when the sphere ls I I lumlnated wlth lz larnps ls very

l7



I Table 4 Spectral irradiances(wm-2pm-l ) of the sunand lntegratlng sphere I

in units of mÍcrometer.

l8

tr^V€LENGTH A t RFORCe THEKAEKARA NÉCKEL ¡ LASS INT. sPH€RE

.5

.51

.52

.53

.54

.55

.56

.37

.58

.59

.6

.6t

.62

.63

.61

.65

.66
,67
.68
.69
.7
.7¡
,72
.73
.71
.75
.76
.77
.78
.79
.8
.81
.82
.83
.8¿l
.85
.06
.87
.88
.89
.9
.9t
.92
.93
.94
.95
.96
.97
.90
.99
I
r.0t
r .02
r .03
l.oa
t.05
I .06
r .07

2005
I 945
¡ 925
I 960
I 980
I 949
t9t0
I 907
r 909
I 900
¡8t8.6
t771.5
¡ 737.5
t70t
I 663. 5
r 625.5
I 588. 5
r 552
r5r5.5
t¡79.5
¡ 4,14.5
t4t I
I 3?6
I 340
I 306. 5
I 273.5
l2,ll.5
t2r3
I r83.5
r ts3.5
I r26.5
I r00.5
¡ 075. 5
t05t.5
I 027.5
r 003. 5
980, 5
958
936. 5
9t6
895.5
675.5
856. 5'83S

820. 5
603. 5
766. 5
770
75.a. 5
739.5
725.5
7 t2.S
700
688
676
66¡
652
6¡0. 5

1912
I 882
I 833
ta12
I 7S3
t725
r 695
t7 t2
t7t5
I 700
I 666
I 635
I 602
I 570
I 544
t5r ¡

I 486
I 456
I 427
I 102
r 369
1311
t3l4
I 290
I 260
r 235
t2r r

I t85
It59
I 134
r r09
¡ 085
I 060
I 036
t0t3
990
968
917
926
908
89r
880
869
858
817
837
820
803
785
767
718
732
7t6
700
684
66ò
653
638

t92 r

t929
t82¡
t8 76
I 876
r 878
I 844
I A46
I 848
I 785
t77 2
I 736
I 696
I 664
r 637
I 584
I 528
l 530
l¡l90
I 456
l4t0
r 386
t345
t327
r 285
I 269
t210
r20 t
rr88
It60
It38
ll t3
r 082
r 063
t04 I
)7t
t96
t50
t8¿
)61
943
,23
90 ¡l
38¿
966
348
330
,tz
791
777
760
tâ3
726
7t0
693
67e
66.
65.

65. 5
18. 3
,7t.t
23.9
76. 6
2e. i''
t84. I
r38. 7
t93. ¿

O¡¡B
r02.7
r5r.7
200. 7
219.7
?9A,7
317 .7
395.5
143.2
{9t
538.7
586. 5
626, t

665. 7

705,2
744.8
781..
808. 3
a32.2
856
a79.9
903 .8
906. 3
908 .8
9ll.¡
9r3.9
9t6.¡
9r6.3
920,2
922
923.9

I 925 .8
9?a..
l9¡7
9r2.6

I 908.2
903.8
r90r.3
I 898.8
r 896.2
ts93.7
la9r.2
r 883
187¡l .9
r 866. t
r 858.6
I 850. ¡
I 832. 2
tEta

l-

Note: !'lavelengths are
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Figure 4. Spectral lrradiances of the sun and the
integratlng sphere
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nearly double the f I ltered solar lrradlance ln thls channel; thus'

ln practlce, slnce the ref lectance factor A .( l, al ì cal lbratlons

of Channel 2 are performed wlth the sphere I I lumlnated wlth upto 6

lamps only.

4.3 The sphere ratlo

The 'sphere ratlo', assumed to be lndependent of wavelength'

ls used to calculate the reflectance factor of the lntegratlng

sphere at dlfferent levels of I I lumlnatlon, glven the ref lectance

factor at the hf ghest level of I I lumlnatlon( l2 lamps for Channel

l¡ 6 ìamps for channel 2). It ls deflned as the normallzed

relatlve radlsnce of the lntegratlng sphere at the wavelength of

0.55r.¡rn (at the corresPondlng levels of I I lwnlnatlon) ' the
I

nornlal lzatlon fector bef ng the relatlve radlance at 0.55pm at the

hlghest level of I I lumlnatlon. l.Je have shown ln Table 5 the

measured sphere ratlos based on the 1974 and 1983 callbratlons of

the lntegratlng sphere; we have also lncluded ln the table the

ratlos n/12 end n/6, n befng the number of lamps; these are

referred to as the calculated sphere ratlos.

It ls app€rent there ls very close correspondence' except at

low levels of lllumlnatlon(n r( 2 for Channel l; n=l for Channel

2), between the two sets of measured sphere ratlos' and between

the measured and calculated velues. Regresslon of the measured on

the calculated sphere ratios ylelds slopes very close to unlty and

coeff lclents of determlnatlon ln excess of 0.99; slmi lar vaìues

for the regresslon parameters are obtalned when the 1983 sphere

ratlos are regressed on the 1974 values. ¡t is thus reasonable to

20



rssrfite that the lntegratlng sphere ls a I lnear source oiR

I I lumlnatlon¡ howeverr !rê cannot conment upon the stabl I lty of
spectral radlance of the lntegratlng ¡phere as a functlon of tlme

because of the sparslty of data and of the fact the sphere was

dls-assembled and repalnted between the two cal lbratlons performed

ln 1974 and ¡983.

zl
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Table 5. Measured and calculated sPhere ratios

Sghcrc rttio

Channcl 2

C¡Iculatcdllurber of

la¡Ps( n)

l2
ll
lo
9

I
7

ó

5

ô

3

2

I

0

Notes:

Observed

Channel I
Channel I

(n/ I 2)

Ch¡nncl
(n/ó)

t

t.0000

0.91 54

0.833¿

0.710ô

0. ô647

0.5801

0.¿949

0.4130

0.3342

0.2¿75

0.1628

0.0798

0

b

1.00(x,

0.91ó0

0.8340

0.7510

0.ó69('

0.5850

0.50¿0

(1.4200

0.33ô0

0.2510

0. r660

o.0834

r.0000

0.8345

0.ô753

o.5U)t

o.3290

0.1612

1.0000

0.8330

0. ó6ó7

0.¿980

0.3294

0.1ó55

1.0m0

0.9167

0.8333

0.75U)

0.óó67

0.5833

0.5000

0.¿ló7

0.3333

0.2500

0.1667

0.0833

0

1.0000

b.8333

0.6óó7

0.rq00

0.3333

0. ló67

0

N
N

on

on

l.
?.

Values in column rra'r are based
of the lntegratlng sPhere.
Values ln column rrbrr are based
of the integratlng sphere.

the 1974 cal ibration
the 1983 cal lbration
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5. Cal lbratlon of the Advanced Very Hlgh Resolutlon Radlorneter

5. I General

The factors lnfluenclng the vlsfble and near-lnfrared
radlances sensed by the AVHRR onboard the NOAA polar orbltlng
envlrormental satel l lte ares

a. the wavelength dependent atmospherlc(absorptlon and

scatterlng) and surface(reflecilon) processes;

and b. the wavelength dependent nature of the absorptlon,

reflectlon and transmlsslon propertles of the varlous

components of the optlcal traln and of the sl I lcon

detector

The procedure adopted for the pre-launch, laboratory cal lbratlon
of Channels I and 2 of the AVHRR onboard NOAA-6 through NOAA-IO ls
dlrected towards the determlnatlon of the response of the entlre
optf cal subsystem, teklng lnto account factors mentloned f n (b),

to changes ln the anrblent radlatlon fleld.
5.2 Norrnal lzed spectral response of Chennels I and z

The experlmental set-up for the determlnatlon of the

norn¡81lzed spectral response- also referred to as norr¡al lzed

response- of channels I and 2 ls seen ln Flg.S; lt consists of a

stable source(Nernst glower) of I ì lumf natlon, a l/4-meter
Jarrell-Ash llodel 82-4lO grating monochrornator Iresolvlng powers

better than 3x l0-4ym at the wave I ength of 0. 3 l3¡.lm( second order
spectrt¡n) wlth 150¡rm sl lts ; df sperslon': 3.3xlO-3yrn/nm i.¿ith the
I180 grooves,/rm gratlng ), a beam-foldlng mirror and col I irnator
assembly' a pyroelectric detector, and the AVHRR. The radfatlon
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em€rglng from the exlt sl lt of the monochrornator ts dlrected

towcrd¡ the pyroelectrlc detector when the "ln-Out" mlrror ls ln

the Ilght path¡ and towards the AVHRR when the "tn-Out" mlrror lr
rernoved frorn thc I lght path.

The relatlve:pectral radl€tnce' ln the forrn of voltager, of

the Nernst glower, a standard temperature-control led ceramlc

(zlrconlum oxlde) rod whlch ls heated to lncande3cence(l20OoC

lTOOoC) by passlng an electrlc current through lt, ls mea¡ured

pre-determl ned r.rave I ength¡ fa I I I ng wl th I n the passband of each

to

at

at the

channel wlth the Jarel l-Ash rnonochrornator and pyroelectrlc

detector. The radlatlon emerglng frorn the exlt s I lt oF the

nronochrornator lr then dl rected towardr the AVHRR by rernov lng the

'ln-Out" mlrror frot'n the I lght path and the AVHRR slgnals 6re

recorded at the sðme wave I engths .

The relatlve spectral response of the AVHRR at the

ìravclength \ ¡¡ then glven by¡

"l' 
Vl/(VrRt) ( t2)

where

and Rt

Vt r

Vrr

the AVHRR s I gna I

the pyroe I ectr I c

wovel ength \ ¡

the refl ectance

wêvelength \;

at the Yrave I ength \ ¡

detector or reFerence slgnal

of the colì lnrator mlrror at the

Slmllarly, the relatlve response.ol" the AVHRR at the

|rôvelength of peak or rnaxlmurn rêspon3e, \O, ls glven by

'r 'Vtp,/(vrpRtp) (13)

where U,O : the AVHRR slgnal at the b/avelength of peak respon3e

25



v r the PyrocIectrIc dctcctor or rel'crence :lgneI at the
"P

lrnvc I ength of Peok re3Porì3c ¡

and Rto ¡ the ref lectance of the col llmator mirror at tlre

wavelength of Peak response'

The fìorñal lzed spectral resPonse of the AVHRR at the wêvclength \

ls thên glven bY

"\ = ,L", (lr¡

t{c shall lllustrate thls method of calculatlng the

fìorñìal lzcd tpectral resPon3c olÊ thc AVHRR by ref err ln9 to the

entrles ln Table 6 where we have shown deta(¡TT' l9B0) obtalned

for channel I of the AVHRR onboard NoAA-9. Let u3 conslder the

entr I es for the wave I ength of 0.57¡-lm(or 57Onm as entered ln the

teble). l{e nottce that at thls waveleneth v, -990mvi V. -5.034mv¡

and R1.0.792. Also, the AVHRR ls observed to have peak response

at the wave I ength of O.68Oym(or 68Onm) . The correspond I ng va I ues

of V,O , Vrp, and RIO ".e respectlvely l976mv, 5'27 lmv and 0"164'

Substltutlon ol'these numerlcal values ln Eqns'12 and t3 wlll

ytcld values of 248.3 I l5 and 19O.6e?5 for T, and T respectlvelv'IP
U¡lng these relatlve spectral response values ln Eqn.14, v/e obtaln

a value of O.506t or 50.617, for the norm€¡l lzed lpectral resPonse

olR Channel I at the wavelength oF 0.57ym.

tt ghould be observed that the rnaxlmum norrnðl lzed sPectral

responsc of I (or t001) can occur at dlfferent wavelengths wlthln

the passband for dl f ferent AVHRRg because ole dlf Ference3 ln the

wave I ength dependent character I st lcs of the var lous co{nporìent s of

the optlcal traln and of the resPonslvlty of the detector(Flg.6)

z6
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Table 6. Laboratory determination of the normal ized spectral
response of Channel I of the AVHRR(FM 2AZ) onboard
NOAA-9

Source: Al ignment and Cal ibration Date Book, -AVHRR/2, SN ZOz
( ITT, l9B0)

ww.¡l
srcN^.L À¡tP. c8 ll

REF.
I.IIRROR

REPLECTÀ}ICE

RE¡.ATI\TE
SPECT&lll.
RESPONSE

NORI{AL
RESPONSEREf. cH tl

500
5 1.0

520
530
540
550
560
570
580
590
600
6r0
620
630
640
ó50
660
670
680
690
700
7 r0
720
710
7a0
750
?60
770
780
790
e00

2.6lOnV
3.055
l. 186
1.874
¡1. 20 2

4. 508
1.77 2

5.034
5. 184

5. 159
5.545
5.603
5.646
5.692
5.65 I
5.715
5.616
5.495
5. 27 I
5.160
5.171
5. 080
a.978
a.781
a. 579
1. 194

t 0. ,10

10. 55
r0.60
r0.75
r0.80

0

0

0

0

I

25

383
990

r 370
r 669
I 741
r68I
l7 58
r950
I 961
179¡l
r72r
r830
r 976
r68I
907
401
t80
89
a9
29
50

37

28
2{
23

0
0
0

0

.2380
5.5457

80.2598
r96.6627
264.27 47
3 r I .4387
3r{.1372
100.0t?8
3 I l.1709
342.586r
l{7.3?2r
3r3.9r08
306.4459
333.0300
174.881¿¡
325 .77 52
r?5.40r1
79. 3307
36. 159 I
r8.6r54
r0.70r0
6. 5999
4. 8077
3. 507 I
2.64t5
2.2326
2, 1296

.810

.806

.802

.900
,197
.796
.794
.79 2

.790

.788

.786

.794

.7gl

.7't9

.777

.77 4
,7? 2
.769
.764
,'162
.759
. ?56
.753
.748
.743
.738
.734
.7 t2
.731
.726
.7 22

0
0
0

0
.2986

6.9ó70
r0 r.0829
24g.lll5
ll4. s249
195.2268
399.9202
382.6758
398.6823
439 .'t7 67
¡147.0684
405.5695
196. 9 506
411.6128
490.6825
427,5265
23 r.0952
104.9348

'¡8.0201
24.8868
l¡1.¡1025
8.9430
6. 5500
4.79 r t
1.6r36
1.0751
2.9496

.0000

.0000

.0000

. 0000

.0006

.0r42

. 2060

.5061

.6818

.8055

.8t50

.7800

.8125

.8963

.9lll

.8265

.8090

.8817
r .0000
.87r1
.47 l0
.2119
.0979
.0507
.0294
.0182
.0131
.0098
.0074
.0061
.0060
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mêntloned earl leri the shape of the normEl lzed re3ponse curves

could also be dlfferent; these I'eaturcs are I I lustrated ln Flgr.
7-l t. The smal I but flnlte off-band responser êt wavelengths

longer than 0.8um, ln Channel I of the AVHRR onboard NOAA-8(F|g.9)

contrlbutes about 2f of the varlous fl ltered radlances and

lrradlancesr êñd afiÉects the equlvalent wldth of the channel to
the ssme cxtentt the meên ìúavelength fs affected to a smaller
degree. slml lar, off-band responses ln channel I of the AVHRR

onbosrd NoAA-6(Flg.7) and ln channel 2 of the AVHRR onboard

NOAA-7(Flg.8) have much srnal ler effects.
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5.3 Determlnatlon of the reflectance factor of the lntegratlng

sphere

The experlmental set-up for the determlnatlon of the

reflectance factor of the lntegratlng sphere ln the laboratory ls
seen ln Fls.12. ¡t conslsts of the lntegratlng sphere' the

AVHRR, the space clamp target, the AVHRR Bench Control Unlt(BCU)

computer and assoclated electronlca. A very detalled procedure has

been establ lshed by ITT Aerospace/Optlcal Olvlslon for the

operatlon of the lntegratlng sphere, wlth speclal reference to the

rnanner and order ln whlch the twelve matched quartz-halogen lamps

should be swltched on and off. The space clamp target- a cubfc

(-3'on the slde), honeycornb structure blackened on the lnslde- ls

used to slmulate space-vlew condltlons for the AVHRR.

The experlment ls started wlth the lllumlnatlon of the

sphere at lts hlghest,l.e., wlth 12 larnps on for Channel I and,

for reasons mentloned earl ler, wtth 6 larnps on for Channeì 2. The

AVHRR ls dlrected to vlew the l2-lnch aperture of the lntegratlng

sphere and 3600 measurements are made of the AVHRR slgnal ' ln

volts, by the 8CU computer; the mean and standard devlatlon of

these measurements are then calculated and recorded as the

uncorregted AVHRR slgnal and nofser Fêsp€ctfvely; the

correspondlng counts on a l0-blt scale are calculated by

multÍplylng these AVHRR slgnals, expressed ln ml I I lvolts, by 0.160

and roundlng off the product to the nearest lnteger. The AVHRR ls

then dlrected towards the space clarnp target and the correspondlng

space clamp slgnal and nolse are recorded. Thls procedure ls
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repeated, 3wltchlng off one lanp et a tlme ln a predetermlned

order thereby varylng the lntegratlng sphere radlance ln a

known, step-wlse [ìånner- untl I al I the lamps have been swltched

off. ¡t ls observed that the AVHRR slgnal when lt vlews the

lntegratlng sPhere wlth al I the lamps swltched off ls very close

to the space clamp slgnal ' as lt should be. Thls zero level

slgnal ls then subtracted from the slgnals measured at varlous

levels of I I lumlnetlon of the lntegratlng sphere and the result
recorded as the corrected slgnal. fhe ratlo of the corrected AVHRR

slgnal when the radlometer ls vlewlng the lntegratlng sphere

I I lumlnated wlth n lamps( f nteger ñ r( 12 for Channel l; a(6 for
Channel 2) to the corrected AVHRR slgnal when the radlorneter ls

vlewlng the lntegratlng sphere f I lumlnated wlth 12 or 6 lamps ag

the case rnay be ls calculated; the degree of correspondence

between thls ratlo and the sphere ratlo(see Section 4.3) ls a

measure of the I lnearlty of response of the AVHRR over lts dynamlc

range, assumlng that the fntegratlng sphere radlance varles

I lnearly, over the spectral reglon of lnterest, wlth the nurnber of

lamps that have been swltched on and that lts spectral

dlstrlbutlon ls not affected by the number oF lamps that are on.

Experlmental evldence indlcates that the response of the AVHRR may

be consldered llnear for all practlcal purposes. However, the

purpose of the pre-launch cal ibratlon of the AVHRRs onboard NOAA-6

through NOAA-10 has been to relate the uncorrected AVHRR slgnals,

expressed ln counts, to the reflectance factor of the lntegratlng

sphere as the number of lamps ls changed from 12 to 0 for Channel I
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end frorn 6 to O for Ch¡nncl 2 ln ctaP¡ ol' l.

t{e have I I lustrated ln Tobles 7 and I the procedure adopted

ln the laboratory to calculate thc reflectance factor of the

lntegratlng sphere when al I the 12 lanps are onr ullng data for

Chennels I and 2 of the AVHRR(SN 2O2, onboard NOAA-9¡ the

passþands of the two channels have been dlvlded lnto 6 lntervalc¡

the average va I ues of the norfn¿¡ I I zed resPon3e ' the sphere

lrradlance and the solar lrradlance(Thekaekera 1974) were then

calculeted over these lntervals and used ln the cornPutstlon of thc

lntegratlng sphere and solar outPuti the reflectance factor (or

albedo) ls then glven by the ratlo of the total sphere outPut to

the total solar outPut; however, ln the case of Channel 2' slnce

we have cornputed the total sphere output corresPondlng to

I I lurnlnatlon of the lntegratlng sPhere wlth l2 lampsr w€ have to

muttlply lt by the sphere ratlo correspondlng to 6 lamps-

o.5o4o(Table 5) for the 1983 cel lbratlon- before calculatlng the

reflectance factor for reason3 mentloned earller(Sectlon 4'?''

It should be noted that the cholce of the nunrber of sPectral

lntervals lnto whlch the passband of a channel ls dlvlded ln the

calculatlon of the reftectance factor of the lntegratlng sphere ls

purely arbltrary¡ our work(vlde Teble l3) has shown that the

calculated reflectance factors vary by about a Percent as the

nun*rer of spectral lntervals ls changed frorn 6 to 20 or

|T¡oreIProvldedtheaveragevaluesofthenormsllzedre3Pon3e
l.unctlon of the channel and of the varlous lrradlances have been

properIy conputed.
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Tab I e.7 . RelF I ectancc lÈactor of Channe I t (AVHRR Fll ZOZiNOAA-9 )

¡===== r- = = - == =3-=- =======-====================== === = === = ==,==¡!=spectral Rel atl ve sphere solar sphere solarlnterval response lrradlance lrradlance output output
== == = ==== ===== ==g ======= == =========E:==== = = = = ==== = == ====== ==== -==

0.55-0.60 0.505
0.60-0.65 0.940
0.65-0.68 0.879
0.68-0.70 0.78 I
0.70-0.75 0.t47
0. 75-0.80 0. 0 I 0

966. I
t225.2
t4t9.4
I 539. 7
I 685.5
1844.1

t702 .2
I 588. 0
l 470. 0
I 399. 3
I 302. O

1172.2

24.39 42.9A
51.46 66.70
3'I .43 39. 76
24 . 03 2l ,96
t2 .39 9 .57
o.g2 0.59

--============================================================
Sum:150.62 t80.46

====================================g================-=======

Total sphere output
Reflectance factor or albedos ------

Total solar output

: 150.62/ 180.46= 0.8346 or 83.46f

Notes: Wavelengths are ln unlts of mlcrometer.

lrradlances are ln unlts of Wm-z¡.rm-l
Integratlng and sphere outputs aie rn unrts of wm-2solar output: product of the wldth of the spectrallnterval, the relatlve responser ¿¡ñdthe solar lrradlance.
sphere output: product oitr the wldth of the spectrallnterval, the relatlve response and thesphere irradiance.

I
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Table.8. Reflectance factor of Channel 2(AVHRR SN ZO?INOAA-9)

:Ê¡Ê==¡Ê=-==========E=========B===Ê==============================83=

Spectra I
I nterva I

Relatlve Sphere Sol ar Sphere Solar
response lrradlance lrradlance output output

0.69-0.72
o,72-O.78
0. 78-0.83
0.83-0.88
0.88-0. 94
0.94- I .07

o.224
0.9t2
0.904
0.88 t
0.823
o.292

I 604.3
t770.9
t494.4
t9t7.0
1918.7
I 876. 6

I 357.3
I 236.3
to97.z
980.0
842,7
742.7

I 0.78 9. t2
96.90 67.6s
45.62 49.59
84.44 43 . l7
94.74 43.59
7t.23 28. t9

¡l 
== ==- ==== = === = 

glg===== 
==== ========= ===== === = = = =======a= == = == ==

Sum: 443.71 241 .31
== = ================= ==========E====¡3============ ==== === = = = === =

The sphere output corresponds to lllumlnatlon wlth l2 lamps;
howeverr only 6 lamps are on when Chennel 2 ls cal lbrated¡ thus,
the sphere output should be multlpl led by the approprlate sphere
ratlo(Teble 5; 1983) whlch, ln thls case, ls 0.5040.

0.5040rTotal sphere output
Reflectance factor or é¡lbedor ------

Total solar output

¿ 223.63/24 t .3 I = O.9267 or 92.677,

Notes¡ Wavelengths are ln unlts of mlcrometer.

Irradlances €re ln unlts of wm-Zpm-l
lntegretlng and sphere outputs aFe ln unlts of Wm-Z.
Solar output: product of the wldth of the spectral

lnterval, the relatlve responser âñd
the solar lrradlance.

Sphere output: product of the wldth of the spectral
lnterval r the relatlve response and the
sphere lrradlance.
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l{e shal I now I I lustrate the regres3lon olF the lntegratlng
sphere reflectance factor on the AVHRR dlgltal slgnal, ualng the
data(lTT' 1980) ln Table 9 where we have shown the measurements

obtalned wlth Channels I and 2 of the AVHRR(SN 2OZ, onboard

¡¡OAA-9. The entrles ln the'albedo'column are obtalned by

multlplylng the reflectance factor of the lntegratlng sphere at
I'ul I I I lumlnatlon( 12 larnps for Channel I ¡ 6 lanrps for Channel 2,

by the approprlate sphere ratlos I lsted ln Table 5; for example,

the rel'lectance factor of 47.82* ln Channel I when the sphere ls
I I lumlnated wlth 7 lamps ls obtaf ned by multlplylng the 'albedo'

of 8?.431 at the level of hlghest lllumlnatlon by the sphere ratlo
of 0.5801. The correspondlng AVHRR dlgltal slgnals, entered ln the

'CNTS'columnr åF€ obtalnedr ðs was mentloned earl ler, by

multlplylng the AVHRR slgnals ln ml I I lvolts I lsted ln the

'SIGNAL l'lv' column by 0.160 and roundlng off the product to the

nearest lnteger. There are l3 pafrs of 'albedo-counts' data,

lncludlng measurements made when the lntegratlng sphere ls not

lllumlnated( number of tamps: 0) for Channel l; and 7 for Channel

2. Slmple regresslon of 'albedo' on counts ylelds the fol lowlng

regress lon coeff I c I ents :

Channel l; slope= 0.1063(1.,/count) ' f ntercept=-3.8404(f )

Channel 2¡ slope= 0. 1073(1/count), lntercept=-3.8448(1)

These values dfffer sl lghtly from the operatlonal values glven ln

Tabl e l4 .

The dependence of 'albedo' on counts measured ln the above

channels ls seen ln Flg.l3.

4t



Table 9. Data for the development of the regression
relatlonshlp between the reflectance factor(albedo) of
the Íntegratlng sphere and the AVHRR stgnats(FM ZOZ;
NOAA-9 )

À
N

cHÀr$¡s!, I CTIÀNNEL 12

r{o.
LÀfiPS t

À¡¡EDO
SIGNÀL

t{v c¡aÎs.
gID. DEV

t{v

SPÀCE
SIGNÀL

tfv

SPÀCE
stD. Dsv

Hv
I

Àt¡EDO
SIGHÀL

t{v c¡ats.
SlD.DEV

HV

SPÀCE
SIGNÀL

tw

SPACA
slo.Dtl

xv

t2

tl

10

9

I

7

6

5

4

3

2

t

0

82. ¡3

?5. ¡¡6

6S. 70

6t.86

5¿t.79

t7.82

¿t0.79

34.04

27.55

20 .40

13.42

6.58

0

50?5 .98

¿656. 08

4268. ?8

3859.47

3{a3.06

3030. ?3

2630.89

2234.16

183?.61

14 1?. 18

1009. r2

604. t9

2¿¡¡.97

812

745

683

6r8

55r

485

421

757

294

22?

161

97

39

2.402

t .28¡û

r.687

2.953

1.905

1.802

1.600

2.920

1.3t1

2.555

2. 838

2.783

2.513

244.05

2a3.93

244.08

2¿¡3.93

243.99

243.A7

243.85

241.70

243.74

243.83

2¿¡3. 84

2{3. 76

24t.74

t.939

2.O79

2.308

2.0?0

2.09 I

2. 096

1.980

2,112

2. 033

2,175

2.088

2.073

2.tr7

96.72

80.71

65.3 t

48.32

31.82

r5.60

0

5862.49

4930. ?4

3998.90

302¿1.98

20?4. 18

r I 17.46

250. 0 I

9¡¡0

789

640

484

332

r79

¿0

2.106

1.749

2.800

1.973

1.87 t

2.623

1.735

250.25

250. ra

250. 55

250. r5

250. 33

250.3 r

250.30

1.9a0

r.636

2. t{5

r.?la

1.9{8

1.922

2.0t9

Source: Al lgnment and Cål lbratf on Date Book' AVHRR,/2' SN 20?
( ITT, 1980)

F--



1
c
0)
(J

L
(t,g
o
cf
IU
(I)
J

100

90

BO

70

60

50

40

30

20

10

0

109

90

BO

70

60

50

40

30

20

10

0

CHANNEL 1 CALIBRATION (SN 202}

100 200 300 400 500 600 700 800 900 1000 1100
COUNTS

CHANNEL E CALIBRATION (SN zOE}

100 200 309 400 500 600 7oo 800 s00 1000 1 100
COUNTS

Regression of albedo(reflectance factor) on AVHRRdfgital signals

+)
C
0)
(J

L
Q)g
Oo
IJ.J
fD
J

F I gure



-

6. Results and dlscusslon

6. I General

lle shal I now examlne the dependence of the f I ltered solar

lrradlance and, consequently, of the reflectance factor of the

lntegratlng sphere, on the extraterrestrlal solar sPectral

lrradlance data used ln the laboratory cal fbratlon; lt ls apparent

that these dependencles wl I I effect the regresslon relatlonshlP

between the reflectance factor and the AVHRR dlgltal slgnals.

6.2 Fl ltered solar lrradlance

l{e have shown the f I ltered Eolar lrradlance ln the two

channels of the AVHRRs onboard NOAA-6 through NOAA-10

correspondlng to the Alr Force(1965), Thekaekara(1974, and Neckel

and Labs(¡984) spectral solar lrradlance data ln Table 10. The

Alr Force( 1965) data yleld the hlghest value for the f I ltered

solar lrredlance ln Channel l, fol lowed by the Neckel and

Labs(1984) and Thekaekera(1974') data, ln that order; however' ln

Channel 2, the Neckel and Labs(1984) data yleld the hlghest value

for the f I ìtered solar lrradlance, fol lowed by the Alr Force( 1965)

and Thekaekara (1974) data. The dlfference between the maxlmum snd

mlnlmum f I ltered solar lrradlance values ls about 8.3f of the

mlnlmum velue ln Channel I end about 2.57 ln Channel 2ì on the

other hand, the mean wavelength ls hardly affected by the changes

ln the spectral solar lrradlance.

ln a recent revlew of the cal lbratlon of satel I lte

radtometêFSrPrlce(1987)haspubtlshedvaluesofthe.bandwldth,
and 'equlvalent solar radlãñc€'r w end F/ ftw resPectlvely ln our
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Table 10. Flltered solar irradlance,
and the equlvalent width of

(l¡annel I

effectfve wavelength,
AVHRR Channel s I and 2

C1¡annel

n(nn-2)

À(¡

Satellitc "(l¡n)

10AA-6 0.109

il0AÂ-7 0.108

iloAA-8 0.1l3
ilo^A-g 0.1l7
il0AA-10 0.108

r(rn-2)

b

t83.8 179.0

182.4 177.5

188.2 r83.4

l9ó.¿ 19t.3

r83.8 r 78.8

tó9.ó 0.ó3r

tó8.2 0.ó30

174.0 0.ó37

181.5 0.ó35

ló9.4 0.ó28

)r (pn)

bc
0.ó3t 0.632

0.ó30 0.ó30

0.ó38 0.ó38

0.635 0.ó3ó

0.ó28 0.ó28

230.4 213.7

258.2 2ó1.9

239.6 242.8

248. I 251.8

228.0 231.5

228.0 0.832

255.3 0.830

236.8 0.828

245.5 0.rt3r

225.7 0.83¿

}t (p¡u)

b

0.834 0.834

0.932 0.832

0.830 0.830

0.833 0.833

0.836 0.836

"(fn)

o.223

0.249

0.230

0.239

1r.222

Notes: l. Using the Air Force(1965) solardata.
Usíng the Necket and Labs(1994)
i rradianee data.
Usíng the Thekaekara (.lg74) solardata.

2.

3.

spectral lrradiance
solar spectral

spectral irradiance



notatlon, for the dlfferent AVHRRs¡ the 'equlvalent soler

radlance' v6lues are based on the Thekaekara(1971) spectral solar

lrradlance data. We have cocpared hls cornputatlons wlth our

results ln Table I l. We see that there ls very good

correspondence between the two sets of values.

Uslng the flltered lntegratlng sphere lrradlances from Table

12, based on the 1983 cal lbratlon of the sphere' and the data

shown ln Table 10, we have cornputed the ref lectance factor- the

ratlo of the f I ltered lntegratlng sphere lrradlance to the

f I ltered solar lrradlance- of the lntegratlng sphere when lt ls

lllumlnated wlth 12 lamps for Channel I and wlth 6 for Channel 2'

for the Alr Force(1965)' Thekaekara(1974, and Neckel and

Labs( 1984) spectral solar lrradlance data¡ these are shown ln

Table 13. lt ls apparent that the sense of varlatlon of the

ref lectance factor of the .lntegratlng sphere with changes ln the

spectral solar lrradlancet ls opposed to that of the f i ltered solar

lrradlance. We have also shown ln colunn 'd' the reflectance

factors that have been used to derlve the currently operatlonal

regresslon relatlonshlps between the reflectance factor and AVHRR

dlgltal slgnals; apparently, these are also based on the

Thekaekara( 1974) spectral solar lrradfance data. We see that the

rn¡tgnltude of the dlfference between the two sets of values of the

lntegratlng sphere reflectance factor calculated uslng the

Thekaekara(l974) data ranges from 0. tl(Channel I of the AVHRR

onboard NOAA-6) to A.gl(Channel 2 of the AVHRR onboard NOAA-9).

Part of these dlscrepancles could perhaps be attrlbuted to the
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Table ll. Comparlson of w and F/ftw parameters

w(t¡m)

Prlce( 1987 )

0. 108

0.223
0.108

0.249

0. 113

0.229

0.117

0.240
0.109

0.22?.

F/ttu (rn-2r--tsr-t)

Channel

N6Cl

N6C2

[7_cl
N7C2

NSCl

N8C2

N9C I
il9C2

ltt0cl
Nl0c2

Present
work

0.109

0.223

o.lo8
0.249

0.113

0.230

o.lt7
0.239

0. 108

0.222

Prlce (1987)

499.0

325.0

498.0

325.0

488.0

327.0

492.0

326 .0

499.0

. 
323.C

P¡.esent
work

495.4

325.7

497.5

326.6

488.4
328.0

492.0

326.3

499.3

323.6

Notes: t.
2.

Channel identificatíon NxCy; x: satel I ite
PÉice's values for NOAA-9 and NOAA-IO are
pre-publ ícatlon data.

yz channel
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Table 12. Fl ttered lntegratlng sphere lrradlance
at maxlmum I I lumlnatlon

= = = rE = !t = = = = = = = = = = 
g 

= = :t = = - = = = s: = t- = = = =- = = = = t = = = = = = - =

Channe I I rrad I ance t wm-z I

= = = = G: = - - ã = = = = !3= !g = Ê = = = 
g t¡ Ir = = -= -= = = = = = = = = - - = = = = = 

g - =

N6C I
N6C2
N7C I
N7C2
N8C I
N8C2
N9C I
N9C2
Nl0ct
Nl0c2

137 .8
209.9
135.7
233.9
146.9
215.8
t5t.2
?25.4
135.0
209.4

===========Ê9=================-========É=====g¡===

Notes¡ l.
2.

Channel ldentlflcatlon; see Table ll.
Channel I values are based upon I I lumlnatlon
of the lntegratlng sphere wlth 12 lamPs( 1983
cal lbratlon).
Channel 2 values were obtafned by multlplylng
the sphere lrradlance correspondlng to
I I lumlnetlon wlth 12 lamps by the apProprlate
sphere ratlo of 0.5040 for 6lamps(Table 5)
based on the 1983 cal lbratlon of the sphere.

3.
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Table 13. Reflectance fector(albedo) of the lntegratlng sphere

Ref I ectance factor (7.)

=======================================================Ë=

Channel a

N6C I
N6C2
N7C I
N7C2
N8C I
N8C2
N9C I
N9C2
Nr0cl
Nt0c2

75. 0
91. I
7 4.4
90.6
78. 0
90. l
77.O
90.9
73 .4
9t.9

77.O
89.8
76.4
89. 3
80.0
88.9
79. I
89. 5
75. 5
90.5

at.2
92. t
80.6
9l .6
84.3
9t. I
83.3
9l .8
79.7
92.8

8l .30r
92.50
79. l0+
93. t 3:
I I .50r
92.50
8.2.43+
96.72:
I I .20r
92.50

Notes: Channel ldentlf lcatlon; see Table I l.
Entrles ln columns Br b, and c are based on the 1983
cal lbratlon of the întegratlng sphere.
a. Uslng the Alr Force( 1965) soler spectral lrradlence

data.
b. Uslng the Neckel and Labs( 1984) solar spectral

lrradlance deta.
c. Uslng the Thekaekara(1974) solar spectral

lrredlance data.
d. Values based on the 1974 cal lbratlon of the

lntegratlng spherer uslng the Thekaekara( 1974)
soìar spectral lrradlance datar taken from the
€pproprlate edltlons of the "Al lgnment and
Cal lbratlon Data Book" publ lshed by ITT
Aerospace,/Opt I ca I D f vl s lon.
r ' read from graphs
+! tabulated values

t.
2.

Irt-
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fact that the velues ln column'l',sre bssed on the 1974

callbretlon of the lntegratlng sphere ¡ to the dlfferences ln the

rnanner 1n whlch the average values of the norn¡€'l lzed spectral

response functlons that have been used ln the calcuìatlon of the

flltered soler and lntegratlng sphere lrredlances have been

computed; to the dlfferences ln the wldths of the spectral

lntervals used ln the numerlcal quadreture; and to the fact thet

sofiìe of the entrles ln column 'd' have been read from graphs'

6.3 The operat I ona I regress i on re I at I onsh I ps

We have shown ln Table 14 the slopes and lntercepts of the

regresslon relatlonshlps that have been used on an operatlonal

basls;theyaretakenfromtheappendlcestoNoAATechnlcal

Hemorandum¡07,''DataExtractlonandCellbratlonofTlRos-N/NoAA

Redfometers"(Laurftson et a1.,1979). It has been suggested that

the slml laritles of slopes and lntercepts for the flve instruments

would fndicate that the degradatlon of the channeì response or of

the lntegratlng sphere could be snrall over the Perlod of 2-3

years(Table l5) over whlch the cal lbratlons have been performed'

It should be noted that the slopes and lntercepts would

change by amounts proportlonal to the relative dlfferences amongst

the lntegrating sphere reflectance factors shown ln Table l3 if

spectral soìar lrradiance data cjlfferent from the Thekaekara( 1974)

data are used.

7. Concluding remarks

As we have stated earller, this report ls a compilatlon of

lnfornratlon on the pre-launch cal lbratlon of Channeìs I and 2 of

I
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Tabl e 14.

Satcllttc

NOAA-ó

t{oAA-7

l{oAA-8

lÍoA^-9

NOAA.TO

Regression of the
counts

Channel I

reflectance factor on AVHRR

Channel 2

Sl ope( b )

0. t07l

0.10óg

0. roó0

0. t0ó3

0. 1059

I ntercept( a )

-4. ll36

-3.4400

-4.1ólg

-3.8464

-3.5279

0.1058

0.1069

0. r060

0.1075

0.l06l

-3. ¿539

-3.4880

-4, L4g2

-3.8770

-3.4767

Slope(b) lntercept(a)

Notes: l.
2.

Ref lectance factor A(%) = a(%) + b( %lcount )C(counts)
The tabulated values of the slope and intercept are
taken from the appendices to NOAA Technical Memorandum
107' "Data Extraction and Cal lbratlon of TIROS-N/NOAA
Radiometers."(Laurltson et al . 1979,
The above regression parameters can be used to determine
the fí ltered and spectral radiances of the
earth-atmosphere scene uslng Eqns. t0 and I I and the
data shown .in Table 10.

3.
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Tabl e 15. AVHRRs onboard the various NOAA satel I ites

Idencificat ion Approximate date
of calibratÍonSatellite

NOAA-6

NOAA-7

NOAA-8

NOAA-9

NOAA-TO

AVHRR

¡nodel

I

2

t

2

I

Number of
channels

4

5

4

5

4

ru r03

rû{ 201

rü 102

ru 202

rÎ,t 101

March 1978

June 1978

June 1978

February 1980

July 1980

Note: The entrles ln the ldentfflcatlon column are taken from the
,,Al lgnment and Cal ib;;¡íon Data Book'r for the various AVHRRS

pubt ished by ITT Aeroãó"áéZoótr."l Divlslon under contract
wlth the Goddard spacã'rriänt centerr Natlonal Aeronautlcs
and Space Admlnistration, Greenbelt' Maryland'
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the Advanced Very Hlgh Resolutlon Radlometer gathered frorn dlverse

sources. We hsve attenpted to elucldete the underlylng physlcal

prlnclples and fllustrate varfous laboratory procedures. lt ls

hoped the lnformatlon we have provlded wl I I be helpful to users

of AVHRR data.

We feel lt rnay be physlcally rnore meanlngful to present the

Pre-launch callbratlon results ln terms of the radlance of the

lntegratlng sphere rather than Ín terms of the reflectance factor;
thls approach would rernove the dependence on the extraterrestrlal
solar spectral f rradlance data. ln the event the cal lbratlon ln

terms of the reflectance factor fs contlnuedr wê suggest that lt
should be performed uslng the Neckel and Labs(1984) solar spectral
lrradlance data whlch are galnlng acceptance arnongst the

sclentlflc conmunlty; lt ls our understandlng thet these data have

already been used ln the callbratlon of the AVHRR scheduled to be

p€rt of the payload onboard NOAA-H.

ln vlew of the lncreaslng use of the AVHRR vlslble and

near-lnfrared data ln radfometrlc studles of the earth-atmosphere

system, the feaslbl I lty of onboard cal ibratlon or stabi I ity
monftorlng of the next generatlon AVHRRs was explored through an

"lmprovement study" at ITTrlAerospace-Optlcal Dlvisfon, but was not
pursued because of conslderatlons based on the cost of such

operatlonsr elñd âssociated schedul lng and technical
dlfflcultles(T.l{rublewskl, personal conmunlcatlon) .

)

53



Acknowl edgments

The author wlshes to Place on record hlg slncere

appreclatlon for Dr.Larry L. Stowe, NOAA,/NESDl5, who suggested

that thls work be undertaken. He ls thankful to ors'Abel ' Gal lo'

Gutman, Jacobowltz, McClaln, Weinreb, and }.lrublewskl, NoAA/NESDlS'

and to Dr.Koczarr ITTlAerospace-Optlcal 0lvlslon for thelr

constructlve crltlclsm and conments' This work was completed whl le

theauthorheldaNoAA/NRCResldentResearchAssoclateshìpatthe
Natlonal Envlronmental satel I f te, Data, and Inforrnation servlce'

tlashlngton, D.C .20233

54



Relterences

A I r Force I 965 Handbook ol' Geophys I cs and Soaee Phvs I cr¡ -

(EdltorcShea L. ValleY), Alr Force Canrbrldge

Laboratorles, Off'lce of Aerospace Research,

Unlted States Alr Force.

I TT I 980 Advanced Very H I gh Reso I t¡t I on Rad I orneter

(ilodel 2) for the TIROS ñN[ Spacecraft,

Al lgnmént and Cal lbratlon Data Book,

AVHRR/Z' Fl lght ilodel SN 202, ITT

Laurltson,L.,.
NelsonrG.J.,

and Porto,F.W.

Necke I

Labs, O

t979

, êñd I 984

r 987

Aerospacer/Optlcal Dlvlslon' Fort l{ayner

Indtana

Data Extractlon and Cal lbratlon of

TIROS-N/NOAA Radlorneters. NOAA Technlcal

Henrorandum NESS 107 ' Un i ted States

Department of Conmerce, NOAA,/NESS

The solar radfatlon between 3300 and 125004.

So lar Phys lcs. .S,, 2O5-2OA

Cal lbratln of satel I ite radlorneters and

compårlson of vegetatlon lndlces. Rerpte

Sens. Envlron.r ?J-, l5-?7

Pr I ce, J. B.

Rossow,l{.R. '
Klnsel la,E.,
Wolf,A and

Gardner 
' 
L

Schwalb,A.

1985 Descrlptlon of reduced radlance datar

lnternatlonal Satel I lte Cloud Cl lmatology

ProJect( ISCCP), WllO/TD-ilo. 58

1978 The TIROS-N/NOAA Satel I ite Serles' NOAA



Techn I ca I ilernorandum NESS 95, Un I ted States

Department of Conmerce, I.IOAA,/NESO¡S

Thekaekara,ll.P. 1974 Extraterrestrlal solar spectrum. APPI. Opt..

l-3,,5 t8-522

56



Appendlx A: Tabìes of Nornralized Response Functions

57



TAEL€ r. NORI|ALIZEO RESpOilSe

HAV€LENGTH(pñ) GHAXN€L I

0. 0000
0. 0000
0.0000
0.0000
0.0000
0. 0000
0.07 I 0
0. ¡,190
0. 7390
0.8 r 30
0.8060
0.8620
0.9 r 90
0.9590
I .0000
0.9980
0.9970
0.8470
0.6980
0.3250
0. r 320
0.0550
0.0270
0.0 r 30
0.0070
0.0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0025
0.0050
0.0r r0
0.0 t 70
0.0350
0.0480
0.0380
0.0r80
0. 0060
0.0020
0.0000
0.0000
0.0000
0.0000
0. 0000
0. 0000
0. 0000
0.0000
0.0000
0.0000
0. 0000

0. 5000
0.5t00
0. 5200
0. 5300
0. 5400
0. 5500
0. 5600
0. 5700
0.5800
0. s900
0.6000
0.6r00
0.6?00
0.6300
0.6400
0. 6500
0. 6600
0. 6700
0. 6800
0. 6900
0. 7000
0.7t00
0. 7200
0. 7300
o.7 400
0. 7500
0. 7600
0. 7700
0.7800
0. 7900
0.8000
0.8 r 00
0.8200
0. 8300
0.8400
0. 8500
0.8600
0. 8700
0 .8800
0.8900
0.9000
0.9t00
0. 9200
0.9300
0. 9400
0. 9500
0.9600
0.9700
0..9800
0.9900

.0000

.0t00

.0?00

.0300

.0400

.0500

.0600

.0700

FUNCTIONS: I{OAA -6

CHANNEL 2

0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0080
0. ?600
o.6t70
0.8200
0.9td0
0.9430
0.9370
0.9970
r .0000
0.9250
0.8840
0.8d90
0.8 I 30
0.90 t 0
0. 7890
0. 7840
0.?790
0. 7630
0. 7¿80
0. 74?0
0.7350
0.6850
0. 6580
0.63?0
0.6t2t)
0.60 r 0
0. 59¿O
0. 58?0
0.5Á20
o.47to
0. 3¿BO
0 . ¿ r,3(l
0. r ¿0r)
0. (r6e0
0. 0300
o.f¡r30
0. 0t)6t)
f.,. 00 3(t

Ìl

I

il
,fl

,l
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TABLÉ 2 . NORIiAL I ZEO RESPONS€ FUNCÍ I ONS ¡ ¡IOAA - 7

HAVELENGTH ( 
Pr,t )

0. 5000
0.5t00
0.5200
0.5300
0. 5.{00
0. 5500
0. 5600
0.5700
0.5800
0. 5900
0. 6000
0.6r00
0. 6200
0. 6300
0.6400
0. 6500
0.6600
0.6700
0. 6800
0. 6900
0. 7000
0.7100
o .7 200
0.7300
0.7400
0. 7500
0. 7600
0. 7700
0. ?800
0. 7900
0.8000
0.8 r 00
0.8200
0.8300
0.8400
0.8500
0.8600
0.8700
0 .8800
0.8900
0.9000
0.9 r 00
0.9200
0.9300
0.9400
0.9500
0.9600
0.9700
0.9800
0.9900
I .0000
I.0r00
I .0200
I .0300
¡ .0400
¡ .0500
I .0600
I .0700

CHANNEL I

0.0000
0.0032
0.0030
0. 0028
0.0025
0.0047
0.'10r0
0.4740
0,7230
0.7970
o.77 40
0.7930
0.86r0
I .0000
0.9440
0.9420
0.95r0
0.9770
0.7230
0.3450
0. t470
0.07r0
0.0420
0.0270
0.0 t 70
0.0 r 20
0.0095
0.0 r 00
0.0tt0
0.0070
0.0000
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 00(r0
0.0000
0.0000
0.0000
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0. 0000
0.0000

CHANNEL 2

0. 0000
0. 0000
0.0000
0.0000
0.000t)
0.0000
0.0000
0. 0000
0.0000
0.0000
0.0380
0.0300
0.0250
0.0 r 00
0. 0000
0.0070
0.0060
0.0050
0.0050
0. 0090
0. r0¡0
0.4 t 20
0. 7330
0.fì070
0.9660
0.9920
¡ .0000
0.9850
0.9930
0.9260
0.94 t 0
0.9260
0.8700
0.8700
0.87t0
0.8700
0.8760
0.8b80
o .87 20
0.8590
0.8¿50
0.8360
0.8230
0. 7890
0. 7820
0.?700
0. 7630
o.7290
0.6080
0.4250
0.2500
0. 1 160
0.0730
0. (r400
0.0?30
0.Crl40
0. 0080
0. 0000
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TABL8 3. ¡lORltAL IZEO RESPONSE FUNCT¡ONS¡ iIOAA -8

t{AvELENGTH (pt{ )

0. 5000
0.5¡00
0.5200
0. 5300
0. 5100
0. 5500
0.5600
0.5700
0. 5800
0. 5900
0.6000
0.6r00
0. 6200
0.6300
0. 61 00
0. 6500
0.6600
0.6700
0.6800
0. 6900
0. ?000
0.7r00
0.7200
0. 7300
0.7400
0. 7500
0. 7600
0. 7 700
0. 7800
0. 7900
0.8000
0.8 I 00
0.8200
0.8300
0.8400
0 .8500
0 .8600
0.8700
0.8800
0.8900
0. 9000
0.9100
0.9200
0.9300
0.9400
0. 9500
0. 9600
0. 9700
0. 9600
0.9900

CHANNEL I

0.007{
o. oo37
0. 0000
0.0000
0.0000
0. 0048
0.0749
o. 1?84
0.6896
0. 7853
0.7773
o.7777
0 .8356
0.9t97
0.9739
0. 9480
0.9s88
I .0000
0 .8770
0.4789
0.2067
0. 0928
0. 0¿96
0.0214
0.0 r 90
0.0 t 00
0. 0080
0.009 r

0.0t03
0. 0090
0.0076
0. 0098
0.0t2r
0.0093
0.0068
0. 009 I

0.01 l4
0.0u7
0.0120
0. 0 r83
0. 0265
0.0384
0.os22
0.0{9 I

0.0396
0. 0203
0.0 t 25
0.0095
0.0048
0. 0022
0.002 ¡

0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0.0000
0. 00r)0

60

CHANNEL 2

0.0000
0.0000
0 .0000
0.0000
0 .0000
0.0000
0.0000
0. 0000
0 .0000
0 .0000
0 .0000
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.03e0
0.076 I

0.3954
0. 7559
0.9r86
0.9770
0.9946
¡ .0000
0.986 r

0.960 I

0.9268
0.8879
o.a627
0.8r75
0 .803 3
0. 789 r

0.7810
o.7729
0.7659
0. 7589
o.7467
o.73A4
0. 7096
0.6848
0.6578
0.6309
0.6t33
0. s956
0.5674
0.54 ¡ 2
0.4400
0.3388
0.208 r

0. t t6?
0. 0606
0.03 r 0
0.0 r 53
0.0077
0.0052

.0000

.0r00

.0200

.0300

.0400

.0500

.0600

.07(¡0
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ÌABLE .. ÑoRllALtzEo

ïAvELENGTH(Pñ)

0. 5000
0.5¡00
0.5200
0. 5300
0. 5400
0.5500
0.5600
0.5700
0.5800
0. s900
0.6000
0.6¡00
0. 6200
0. 6300
0.6400
0. 6500
0. 6600
0. 6700
0.6800
o. 6900
0. 7000
0.7t00
0. 7200
0. 7300
0.7400
0. 7500
0. 7600
0. 7700
o. 7800
0. 790'0
0.8000
0.8 r 00
0.8200
0.8300
0.8.00
0.8500
0.8600
0.8700
0.8800
0.8900
0. 9000
0.9t00
0. 9200
0.9300
0.9400
0. 9500
0. 9600
0. 9700
0.9800
0. 9900

.0000

.0r00

.0200

.0300

.0400

.0500

.0600

.0700

RESPONSE FUNCTIoNS¡ ¡¿oAA .9

CHANNEL I

0. 0000
0.0000
0. 0000
0.0000
0. 0006
0.0t42
0.2060
0. 506 r

0.68 t 8
0.8055
0.8r50
0. 7800
0.8 t 25
0.8963
0.9¡ I I
0.8265
0.8090
0.8837
t.0000
0.87 ¡ 3
0.47 t 0
0.2r39
0. 0979
0. 0507
0.0294
0. 0 t82
0.0 r 33
0.0098
0. 00 74
0. 0063
0. 0060
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0.0000
0. 0000
0. 0000
0. 0000

CHANN€L 2

0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 00(t0
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0.0000
0. 0000
0.0044
0. 0694
0. 3559
0.6876
0. 8586
0. 9369
0. 9e59
r .0000
0.9825
0. 9323
0. 9003
0.8875
0.8899
0.9026
0.9 t 0s
0.9 t 32
0.8863
0.8638
0.850¿
0.86 r 6
o.8729
0.88 t I

0.a632
0.8t t2
0. 7500
0.7t93
0.7084
o.7 â25
0.725t
0. 55? 3
0.3t20
0. r 5?9
0.07511
0.0¿ t ¿
0. 0?00
0.0t5r)
0.0 t o7
0 . 0r.ì 7.t
o,o(t57
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TABLE 5. NOR'1ALlZEO RESPOò|SE FUNCTIONS¡ NOAA - ¡0

t{^v€LENGTH (Pñ)

0. 5000

CHANNEL ¡

0. 0000
0. 0000
0.0000
0.0000
0.0020
0.0030
0. 0866
0.4870
0.7450
0.8210
0.8098
0.8580
0.9490
0.9956
0.9630
0. 9190
I .0000
0.9920
0. 6290
0.2730
0.1070
0. 0530
0. 0280
0. 0 180
0.0120
0. 0080
0.00d2
0.00r0
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0.0000
0. 0000
0.0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0. Qr)00
0.0000.

62

CXANNEL 2

0. 0000
0 . (r011ll
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0.0024
0.0048
0.0050
0.0053
0. 0055
0.0057
0.0044
0.003 r

0.0032
0.0034
0.085s
0. 3680
0. 6s.r90
0.8750
0.9420
0.9780
¡ .0000
0.9733
0.9455
0. 8980
0.8800
0.8750
0.8380
0.8520
0.8470
0.8230
0. 7900
0.8230
0.8070
0.7750
0. 7600
0.6900
0.67?0
0.6680
0.658Cì
0. 6080
0.5?30
0.5220
0. 3830
o.2?50
0.r3r0
0 . 0É,9t)
0.038ü
0.02 I 0
0.0126
0.0079
0.0054

0.5t00
0. 5200
0.5300
0.5d00
0. 5500
0.5600
0.5700
0.5800
0. 5900
0. 6000
0.6t00
0.6200
0.6300
0.6400
0.6500
0.6600
0.6700
0. 6800
0. 6900
0.7000
0.7 r 00
0. 7200
0.7300
0.7400
0. 7500
0.7600
0.7700
0. 7800
0. 7900
0.8000
0.8 t 00
0 .8200
0.8300
0.8400
0.8500
0.8600
0.8700
0.8800
0 .8900
0. 9000
0.9t00
0.9200
0.9300
0. 9400
0. 9500
0. 9600
0.9700
0. 9800
0.9900

.0000

.0t00

.0200

.0300

.0400

.0500

.0600

.0700
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NOAA SCTENTIFIC AND TECHNICAL PUBLICATIONS
Th¡ Netiottol Oceanic and Atmosphcric Ailmínrutraúdo¡ w¡¡ e¡t¡blished aa part of the Deprrtment of

Commerce on October 3, l9?0. The mi¡sion reeponslbilities of NOAA ¡re to arEeEE the ¡ocioeconãmic impect
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in the form of mapr showing dletributlon of rain-
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atmoaphere, distribution of ñ¡he¡ ¡nd mlrlne
msmmals, lonoepherlc condition¡, ctc.
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ueriala; ¡nd miscellsneous technical public¡tions.

TECHNICAL REPORTS-Journal qurtity with
extensive detsils, mathematical developments, or
data liatings.

TECHNICAL MEMORANDUMS-Reports oî
preliminrry, partial, or negrtive rese¡rch or tech-
nology reault¡, interlm lnstructions, lnd the like.
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